1. The variable-pressure neck-chamber method was analysed in ten healthy volunteer subjects to determine its suitability for the study of the carotid baroreceptor reflex in man.
Introduction
An important technique in the study of the arterial baroreflex in man is the application of variable pressure to the neck by way of a sealed chamber, thus altering carotid sinus transmural pressure. This method selectively tests carotid baroreceptors and allows study of reflex responses of both the heart and peripheral circulation. Such application of negative pressure to the neck was first described by Ernsting & Parry (1957) and employed in systematic studies by Bevegard & Shepherd (1966) , Beiser, Zelis, Epstein, Mason & Braunwald (1970) , Thron, Brechmann, Wagner & Keller (1967) , Stegemann, Busert & Brock (1974) , Bjurstedt, Rosenhamer & Tyden (1975) , Eckberg, Cavanaugh, Mark & Abboud (1975) . Cardiovascular responses to positive as well as to negative applied pressures have been studied by some of these authors.
In all these studies the carotid baroreceptor stimulus was taken as the difference between arterial pressure and neck-chamber pressure, but in fact this stimulus is more properly described by the pressure difference across the wall of the carotid sinus, and it remains an open question whether pressure variations around the neck are completely transmitted to the carotid sinus. Thron et al. (1967) described a linear relationship between pressure variations around the neck and cervical oesophageal pressure; Kober & Arndt (1970) found that externally applied pressure was in linear relationship to the diameter of the carotid sinuses within the range k 45 mmHg. However, neither of the above observations indicates what proportion of applied pressure is transmitted to the carotid sinuses.
We have examined this point. The results indicate that pressure variations around the neck are not perfectly transmitted to the region of the carotid sinus, and that the proportion transmitted is less for negative than for positive pressure. These data can be used for a more accurate analysis of the stimulus-response relationships characterizing the carotid baroreceptor reflex.
Methods

Subjects
We studied ten subjects (six male, four female) aged 24-66 years, whose bodily habitus varied from asthenic to thickset. All gave informed consent to the study.
Pressure chamber (Fig. 1) The neck was enclosed in a square-sectioned plastic box (side 24 cm) extending caudally to the shoulders and cranially to a plane through the mento-labial sulcus, the ear lobes and the occiput. The caudal opening of the box was precisely modelled to the shoulders of each subject by fast-drying plaster, with two thinrubber membranes attached to the inner surface of the plaster. One membrane extended from the lower border of the box to the base of the neck in a collar, and acted as a seal against positive pressure by adhering to theskin of the shoulders. The other membrane extended from the lower border of the box to the thorax wall, and acted to seal negative pressure by adhering to the skin of the thorax. Cranially the box was closed by a hard-rubber ring, of different dimensions to fit each subject. On each side of this ring a thin-rubber ring, one adhering to the neck and another to the lower part of the head, sealing positive and negative pressures respectively. A large portal connected to a commercial vacuum cleaner allowed pressure in the box to be changed. Box pressure changes were measured 8 cm from the vacuum cleaner connection and were identical with those measured elsewhere in the box.
Measurements
The study aimed to measure carotid sinus transmural pressure. In ten subjects tissue pressure was measured in the tissue near to the carotid sinus, and in five of these subjects pressure was simultaneously measured in the internal jugular vein and in the cervical oesophagus. Although the cervical oesophagus lies below the carotid sinuses we thought this technique might offer a non-invasive estimate of pressure transmission. Tissue pressure was measured by introducing under local analgesia a percutaneous needle containing a 20 cm-long, stiff, catheter (0-65 mm outside diameter, 0.45 mm inside diameter) filled with sodium chloride solution (150 mmolll; saline). The needle was advanced obliquely to meet the carotid artery 1 cm above the upper border of the thyroid cartilage, i.e. the normal anatomical location of the carotid sinus. The needle was stopped when contact with the artery was indicated by the needle pulsating, and was then withdrawn leaving the catheter in place, with the catheter tip close to the wall of the carotid sinus. The catheter was connected to a strain-gauge transducer through a three-way stopcock. At intervals during the observation period 0 . 1 4 2 ml of saline was injected through the catheter, and observations were suspended for 30-60 s while resting pressure fell to its previous steady level. Measurements were accepted only when the time-course of tissue-pressure change in either direction was similar to that of the neck chamber (i.e. squarewave) and when tissue pressure returned rapidly to baseline when the neck chamber was opened to atmosphere. These conditions were met in the ten subjects reported, results from two other subjects being discarded.
Internal jugular vein pressure changes were measured by a heparinlsaliie-filled catheter of the same type introduced percutaneously above the sternoclavicular junction. The tip was advanced to the base of the skull and later withdrawn to an estimated 1 cm above the upper border of the thyroid cartilage. Cervical oesophageal pressure changes were measured with a catheter (2-5 mm outside diameter, 1.5 mm inside diameter) bearing a balloon (3 ml) containing 0-5 ml of air. The catheter was introduced transnasally, swallowed, and then manipulated to the point at which maximal pressure changes were recorded when pressure was applied externally to the neck, the tip of the catheter then lying 21-25 cm from the anterior nares. Pressures were measured with strain-gauge transducers (compliance O~OOO4 mm3/mmHg), which were matched to within&2% over the range f 60 mmHg, with the transducer measuring neck-chamber pressure.
The subjects were studied when supine. Pressure in the neck chamber was changed randomly withinf60 mmHg. Five to ten observations were made in each subject at each positive and negative pressure, each pressure change lasting about 10 s. Relationship between changes in the dependent variables (tissue, jugular venous and oesophageal pressures) and changes in neckchamber pressure were examined by regression, the regression coefficients being compared in the individuals by covariant analysis, and in the group by paired t-tests. A significance value of 1 % was used. Values are given as mean i SEU.
Results
Tissue pressure (ten subjects)
There was a linear relation between change in tissue pressure and both positive and negative pressure changes in the neck chamber (r always > 0.989, P < 0.001). On average 86 k 2% of positive applied pressure was transmitted to the tissue catheter, and 64*3% of negative applied pressure. This difference in transmission between positive and negative pressures was significant in each subject.
Among the subjects there was a positive correlation (r = 0.946, P < 0.001) between the extent of transmission of positive and negative applied pressures to the tissue catheter: i.e. when positive pressure was well transmitted so was negative and vice versa. There was no association between neck size and transmission of pressure.
Interrelationships of tissue, internal jugular
venous and oseophageal pressures (five subjects) ( Fig. 2 and Fig. 3 )
In these subjects resting tissue and internal jugular venous pressures were virtually identical (6.8 k 0.5 and 6.1 k 0.7 mmHg respectively), and resting oesophageal pressure was 4.3 k 2.6
mmHg. There was a linear relation (r never less than 0.943, P < OQO1) between a positive change in neck-chamber pressure and change in tissue, venous and oesophageal pressure in each subject. However, although there was no significant difference between transmission to the tissue or to the vein, transmission to the oesophagus was significantly less. In each subject there was also a linear relation (v never less than 0.93 1, P < 0.001) between a negative change in neck-chamber pressure and pressure change in the tissue and oesophagus, transmission to the tissue again being significantly greater than transmission to the oesophagus. Venous pressure showed an immediate fall by about 50% of the change in neck-chamber pressure, but within 2 s this returned to a value which was never less than 0.5 mmHg. In the tissue pressure trace small arterial pulsations were usually visible especially during positive applied pressure. Respiratory waves were always visible in the oesophageal pressure trace, and became evident during negative applied pressure in the venous and tissue pressure trace (Fig. 2) .
Changes in neck-chamber pressure and cerebral bloodflow
Application of positive pressure to the neck raises internal jugular venous pressure, which may reduce cerebral blood flow. The Po, of internal jugular venous blood was measured during variations in neck-chamber pressure, as such Poa changes would reflect changes in cerebral blood flow (Finnerty, Witkin & Fazekas, 1954) . The tip of the venous catheter was advanced to the base of the skull. Blood was sampled from the vein immediately before and during the final 30 s of a 2 min period of positive or negative pressure. Nine pairs of observations were made in the five subjects at positive neckchamber pressure ( +47 f 2 mmHg), and six pairs at negative pressures (45 f. 2 mmHg). With positive pressure Poz changed from 4.61 k0.08 kPa (34.6 k 0.6 mmHg) to 4.49 f. 0.17 kPa (33.7 k 1-3 mmHg). With negative pressure Poa changed from 4.54_+0.09 kPa (34-1 f.0-7 mmHg) to 4.29 0.20 kPa (32-2 k 1-5 &g). In neither case was the change significant.
Changes in neck-chamber pressure and carotid chemoreceptor stimulation
An increase in internal jugular venous pressure during positive pressure to the neck might also reduce blood flow through the carotid bodies, so leading to chemoreceptor stimulation that may be counteracted by raising the arteriaI Poz (Landgren & Neil, 1951) . In four subjects in whom arterial pressure was measured by a femoral artery catheter, 2 min of positive neck pressure induced a sustained increase in arterial blood pressure and heart rate, but these responses were substantially similar when the arterial Poa was below 13.3 kPa (100 mmHg) and when it was raised to over 66.5 kPa (500 mmHg) by 10 min of oxygen breathing (Fig. 4) .
Discussion
Our conclusions depend on there being no distortion in measurements of tissue pressure by partial blockage of the catheter tip. This possibility was excluded by the precautions we adopted, as described in the Methods section. Furthermore, during positive applied pressure, the pressure changes recorded from the tissue catheter were always virtually identical with the pressure changes recorded by the nearby internal jugular vein catheter, and also during negative pressures respiratory waves were always visible in the tissue pressure trace (Fig. 2) .
These measurements of tissue pressure changes show that transmission of external pneumatic pressures to the region of the carotid sinus is complex. Tissue adjacent to the carotid B sinus received 86% of the applied positive pressure, but only 64% of the applied negative pressure, and this may result in an underestimate of the gain, and distortion of the shape of the curve of the baroreceptor reflex.
Can our values of pressure transmission be used to correct calculated changes in carotid transmural pressure? Of course, a precise answer would need the catheter tip to be placed just at the adventitia of the carotid sinus. However, we have satisfactory evidence that the pressure changes we recorded from the tissues in the carotid sinus proximity were representative of those of the carotid wall: indeed, at positive pressure the pressure changes in the jugular vein, which is within the carotid sheath, were virtually identical with our measured tissue pressure changes. We therefore believe that our figures can provide a satisfactory calculation of the changes in carotid sinus transmural pressure.
With negative pressure the reduction in venous pressure approached that in the neighbouring tissue only transiently, before returning to a near-atmospheric value. This sequence presumably reflects the sudden expansion of the vein and then its refilling with blood.
Negative and positive pressures were equally transmitted to the oesophagus, as mentioned by Thron et al. (1967), but transmission was much less than to the region of the carotid sinus. This may be due to connection of the oesophageal lumen to both atmospheric pressure and intrathoracic pressure changes (see Fig. 2) . At all events this non-invasive technique cannot be used for estimation of carotid sinus transmural pressure.
The reasons for the imperfect and unequal transmission of externally applied pressures to the carotid sinus are probably complex. A series of concentric myofascial envelopes lie between the skin and the carotid sinuses, some of which are of tough consistency and presumably of low compliance; these may protect the carotid sinuses from the effects of externally applied pressure. With negative pressures a large gradient is created between deep veins and the negative pressure surrounding the neck; the limiting fascial envelopes may thus cause the pressure in the tissues near carotid sinuses to lie somewhere between the external negative pressure and the near-atmospheric venous pressure. (1954) have shown that a decrease in oxygen content of internal jugular venous blood correlates significantly with measured acute reductions in cerebral blood flow. Thus our observation that internal jugular venous Poz did not change significantly at an applied tissue pressure of 47 mmHg argues against any reduction in cerebral blood flow in this circumstance. We presume that autoregulatory vasodilatation of resistance vessels in the brain compensates for the reduction in perfusion pressure. The possibility that chemoreceptors are stimulated by stagnant anoxia during positive neck pressure is not supported by our observation that the pressor response remained unaffected at high arterial Po2. Although high oxygen pressures may not be completely correct for stagnant anoxia Landgren & Neil (1951) have shown that when breathing oxygen the perfusion pres-sure must fall by 50 mmHg to activate the chemoreceptors, whereas in our study it never exceeded 15 mmHg (increase in tissue pressure minus reflex increase in mean arterial pressure; Fig. 4) .
